INTRODUCTION
Only about 5% of dietary energy required to pro duce beef is used for protein deposition, whereas the majority goes to support body maintenance activities or is lost through methane emission (Dickerson, 1978; Johnson et al., 1994; Johnson and Johnson, 1995) . Residual feed intake (RFI) has been investigated as a means to improve efficiency of beef production and Transcriptomic analysis by RNA sequencing reveals that hepatic interferon-induced genes may be associated with feed efficiency in beef heifers 1 F. Paradis,* † S. Yue, † J. R. Grant, † P. Stothard, † J. A. Basarab, ‡ and C. Fitzsimmons* † 2 *Agriculture and Agrifood Canada, Edmonton, AB, Canada; †Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, AB, Canada; and ‡Alberta Agriculture and Rural Development, Lacombe Research Centre, 6000 C and E trail, Lacombe, AB, Canada ABSTRACT: In beef cattle, production feedstuffs are the largest variable input cost. Beef cattle also have a large carbon footprint, raising concern about their environmental impact. Unfortunately, only a small proportion of dietary energy is directed toward protein deposition and muscle growth whereas the majority supports body maintenance. Improving feed efficien cy would, therefore, have important consequences on productivity, profitability, and sustainability of the beef industry. Various measures of feed efficiency have been proposed to improve feed utilization, and currently, residual feed intake (RFI) is gaining popular ity. However, the cost associated with measuring RFI and the limited knowledge of the biology underlying improved feed efficiency make its adoption prohibi tive. Identifying molecular mechanisms explaining divergence in RFI in beef cattle would lead to the development of early detection methods for the selec tion of more efficient breeding stock. The objective of this study was to identify hepatic markers of metabolic feed efficiency in replacement beef heifers. A group of 87 heifers were tested for RFI adjusted for off-test backfat thickness (RFI fat ). Preprandial liver biopsies were collected from 10 high and 10 lowRFI fat heif ers (7 Hereford-Aberdeen Angus and 3 Charolais-Red Angus-Main Anjou per group) and gene expression analysis was performed using RNA sequencing and quantitative real-time PCR. The heifers used in this study differed in RFI fat averaging 0.438 vs. -0.584 kg DM/d in high and lowRFI fat groups, respectively. As expected, DMI was correlated with RFI fat and ADG did not differ between high and lowRFI fat heifers. Through a combination of whole transcriptome and candidate gene analyses, we identified differentially expressed genes involved in inflammatory processes including hemoglobin β (HBB), myxovirus resistance 1 interferon-inducible protein p78 (MX1), ISG15 ubiquitin-like modifier (ISG15), hect domain and RLD 6 (HERC6), and interferon-induced protein 44 (IFI44) whose mRNA abundance was lower (HBB) or higher (MX1, ISG15, HERC6, and IFI44) in lowRFI fat heifers. These genes have been shown to be directly or indi rectly modulated by interferon signaling and involved with innate immunity. Our results suggest that more efficient heifers respond differently to hepatic proin flammatory stimulus, potentially expending less energy toward combating systemic inflammation and redirect ing nutrients toward growth and protein accretion.
is defined as the difference between actual and expect ed feed intake required for maintenance of BW and production, independent of BW and ADG (Archer et al., 1997; Basarab et al., 2003; Nkrumah et al., 2007) . Residual feed intake can also be adjusted for off-test backfat thickness (RFI fat ) to render it independent of sexual maturity in replacement heifers and bulls (Basarab et al., , 2011 Schenkel et al., 2004) . The cost associated with a standardized 76d RFI test af ter weaning remains somewhat prohibitive; therefore, finding alternative methods to identify efficient (low RFI) breeding stock would facilitate industry adoption.
Global transcript profiling of liver is a logical ap proach to identify makers of metabolic feed efficiency because the liver is responsible for 19 to 26% of oxy gen consumption in heifers and provides approximate ly 90% of the glucose requirement to support adult ru minant physiology (Baldwin et al., 2004; Nafikov and Beitz, 2007) . The liver also plays an important role in innate and adaptive immunity, being one of the first barriers to gastrointestinal antigens (Parker and Picut, 2005; Nakamoto and Kanai, 2014) .
Our objective was to determine if beef cattle di vergent for RFI fat differ in their hepatic molecular signature. Specific targets were to 1) identify liver markers associated with RFI in beef heifers using next generation RNA sequencing, 2) evaluate tran script abundance for candidate gene markers of RFI using realtime PCR, and 3) determine relationships between mRNA abundance for genes of interest and RFI fat , DMI, and ADG.
MATERIALS AND METHODS
This experiment was conducted in accordance with the guidelines from the Canadian Council on Animal Care (Olfert et al., 1993) and with the approval of the University of Alberta Animal Care Committee.
Animals and Experimental Design
A group of 87 replacement heifers was tested for feed efficiency (RFI) at the Lacombe Research Centre (Lacombe, AB, Canada) between February and April 2012 and is described in Manafiazar et al. (2015) . A subset of 10 high and 10 lowRFI fat heifers were se lected, and each group was composed of 7 HerefordAberdeen Angus crossbred heifers (HEAN) and 3 Charolais-Red Angus-Main Anjou crossbred heifers (CHAR). At the time of sample collection, the heifers were fed a growing diet as described in Manafiazar et al. (2015) .
Sample Collection
Immediately following the end of the RFI test, liver biopsies were collected on 2 consecutive days (5 high and 5 lowRFI fat heifers per day) in the morn ing before feeding to obtain samples reflecting basal metabolism. The liver biopsies were collected using disposable True Cut Style Biopsy Needles (14 gauge by 15 cm; Western Drug Distribution Center, Ltd., Edmonton, AB, Canada) according to the method de scribed by Herdt (2013) . Briefly, the biopsy site was located on the heifer's right side, within the 10th in tercostal space. The surrounding area was shaved and cleaned using a 3step surgical scrub. The site was then infiltrated with 2 to 5 mL of 2% lidocaine under the skin and into intercostal muscles. A small incision was performed in the skin to accommodate the biopsy needle and the needle was inserted as per described by Herdt (2013) . Liver samples collected from 2 to 3 consecutive biopsies per animal were pooled to obtain approximately 40 to 60 mg of tissue and were then snap frozen in liquid nitrogen and stored at -80°C.
RNA Extraction
Liver samples (40-60 mg) were homogenized in 1 mL of TRIzol reagent (Life Technologies, Inc., Burlington, ON, Canada) using the tissue homogenizer Precellys 24 and the Hard Tissue Grinding MK28 bead tubes (ESBE Scientific Industries, Inc., Markham, ON, Canada). Total RNA was extracted according to the manufacturer's in structions and resuspended in nucleasefree H 2 O (Life Technologies, Inc.). All total RNA samples were quanti fied using the ND-1000 spectrophotometer (NanoDrop, Wilmington, DE), evaluated for RNA integrity using an Agilent 2100 Bioanalyser (Agilent Technologies, Inc., Santa Clara, CA), and stored at -80°C until library prep aration or cDNA synthesis.
Library Preparation, RNA Sequencing, and Data Processing RNA libraries were prepared from 1.5 μg of liv er total RNA using the TruSeq RNA preparation kit and individual samples were labeled with index tags (Illumina Inc., San Diego, CA). The quality of the RNA libraries was assessed on an Agilent 2100 Bioanalyser using the Agilent High sensitivity DNA kit and quanti fied by quantitative real-time PCR (qPCR) using the Library Quant Kit Illumina Genome Analyzer Kit (D-Mark Biosciences, Toronto, ON, Canada). Libraries were then sent to Delta Genomics (Edmonton, AB, Canada) for paired-end sequencing on an Illumina HiScanSQ and sequencing was performed according to the manufacturer's instructions with the following specification. Each sample was diluted to 2 nM and 2 pools of 10 samples (5 high and 5 lowRFI fat heifers per pool) were prepared by combining an equal vol ume of each sample's 2 nM stock. Each pool was then sequenced on 4 separate lanes of a flow cell.
Before differential expression analysis, low quality reads were removed from further analysis if they did not pass Illumina's default chastity filter or if they were of low quality (phred score < 15). Reads were mapped to the Bos taurus reference genome (UMD_3.1) using TopHat (version 2.0.8; . Genes with low expression were filtered out by ana lyzing only those genes that had greater than or equal to 1 count per million in 10 samples, the comparison group size. Sample library sizes were normalized using trimmed mean of M values normalization (Robinson and Oshlack, 2010) . Next, the common and genewise dispersions were estimated to give a measure of the overall and gene specific variability. EdgeR uses an empirical Bayes strategy (Robinson and Smyth, 2007) to shrink the genewise dispersions toward the com mon dispersion, essentially borrowing information from other genes to provide a better estimate of the genewise dispersion. After estimating the dispersions, exact tests were performed to determine differential expression between groups. Genes were considered to be differentially expressed if their Pvalue, ad justed for multiple testing using the Benjamini and Hochberg method (False Discovery Rate; Benjamini and Hochberg, 1995) , was less than 0.1.
RNA Extraction and Real-Time PCR
For gene expression analysis, 2 μg of liver total RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Life Technologies, Inc.) according to the manufacturer's instructions. RNaseOUT (Life technologies Inc.) was also added to the reaction at a concentration of 2 units/μL. After reverse transcription, the cDNA were diluted to 1 ng/ μL with nuclease-free H 2 O (Life Technologies, Inc.).
Realtime PCR for gene expression analysis was performed in duplicate using 1 ng of cDNA in 96well fast plates using the SYBR fast master mix ABI Prism (D-Mark Biosciences) and the Step-One Plus Real-time PCR system (Life Technologies, Inc.). A blank sample and a minus reverse transcriptase were added to control for nonspecific amplification. Relative standard curves, made from serial dilution of a pooled cDNA from the tissue of interest ranging in amount from 20 to 0.02 ng, were used to determine the relative quantity of each sam ple. The primers were designed in Primer3 (Koressaar and Remm, 2007; Untergasser et al., 2012) . using spe cies-specific sequences found in GenBank and were designed to cover exon-exon junctions when possible ( Table 1 ). The amplification efficiency for each gene was determined using serial dilution of tissue-specific cDNA and was found to be 100 ± 10% for all genes (data not shown). The resulting qPCR amplicons were also sequenced to confirm their identity (data not shown). Four endogenous controls (ACTB, GAPDH, PPIA, and YWHAZ) were tested for gene expression normalization suitability using NormFinder (Andersen et al., 2004) and the geometric mean of GAPDH and PPIA was found to be the best endogenous control combination to correct for RNA extraction and reverse transcription efficiency.
The endogenous control was also tested for any treatment effect and was found to be stable between samples, con firming its usefulness as suitable endogenous control.
Statistical Analysis
The realtime PCR data for each gene of interest were normalized against a ratio calculated by dividing the samples' respective geometric means of GAPDH and PPIA by that of the highest geometric mean. The heifer's phenotypic and realtime PCR data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). The model for the experiment included RFI fat group (high and low) and breed group (HEAN and CHAR) as the fixed independent variables and heifers as the random variable. Heifer's age, ADG, and metabolic weight were tested as covariates and were found to have no significant effects. Therefore, they were removed from the model. When appropriate, data were transformed using the BoxCox transforma tion procedure of SAS. Differences between means were analyzed using a LSD test at a 95% confidence level and are reported as least squares means ± SEM. Correlation analyses were also performed to deter mine relationships between RFI fat , DMI, and ADG and the expression of each gene of interest.
RESULTS
The heifers used in this experiment were selected based on their feed efficiency (RFI fat ) and were part of a larger trial described in details in Manafiazar et al. (2015) . The lowRFI fat heifers used in the current study averaged -0.584 kg DM/d (ranging from -0.754 to -0.318 kg DM/d) and the high-RFI fat heifers aver aged 0.438 kg DM/d (ranging from 0.538 to 0.380 kg DM/d; Table 2 ). As expected, DMI was correlated with RFI fat (r = 0.583, P = 0.07). There was also a RFI fat × breed group interaction for DMI, where CHAR did not differ in DMI of the highRFI fat and lowRFI fat groups but the HEAN intake was significantly different, aver aging 7.3 kg/d for high-RFI fat heifers and 6.1 kg/d for lowRFI fat heifers (Table 2) . On the other hand, over the course of the feed efficiency test, there was no dif ference in ADG between high and lowRFI fat heifers but the lowRFI fat heifers were, on average, heavier than their highRFI fat counterparts.
Using RNA sequencing, we obtained on average 49 million mapped reads per sample, interrogating a total of 11,436 known transcripts in the bovine genome. Analysis using edgeR revealed 7 differentially expressed genes (P ≤ 0.1) in the liver of low and highRFI fat heifers (Table 3 ). The low number of differentially expressed genes identified is consis tent with the lack of clear separation between low-and highRFI fat heifers observed on the Multidimensional scaling (MDS) plot (data not shown). Among those 7 differentially expressed genes, 3 were downregulated (HBB and MT1E [2 paralogs]) and 4 were upregulated (MX1, ISG15, HERC6, and IFI44) in lowRFI fat heifers. Real-time PCR validation confirmed 5 of the 7 genes to be differentially expressed. In addition, although HBB and ISG15 did not reach significance, likely as a con sequence of the large SEM, the relative pattern of upor downregulation in their expression was concordant with that of the RNA sequencing results (Fig. 1) . In ad dition, correlation analysis revealed a positive relation ship between RFI fat and MT1E (r = 0.60, P = 0.0049) mRNA abundance and a negative relationship of RFI fat with HERC6 (r = -0.69, P = 0.0008), IFI44 (r = -0.67, P = 0.0012), MX1 (r = -0.64, P = 0.0025), and ISG15 (r = -0.40, P = 0.079) mRNA abundance, further sup porting our results.
Real-time PCR analysis of 18 candidate genes se lected from the literature also revealed differential ex pression for genes previously associated with differenc es in feed efficiency. Our results showed that GSTM1/2 (P = 0.026) and IGFBP3 (P = 0.013) mRNA abundance was higher in lowRFI fat heifers and a similar trend was also observed for ATP50 (P = 0.08; Fig. 2a, 2b, and 2c) . On the other hand, INHBA mRNA abundance was low er in lowRFI fat heifers (Fig. 2a) . Interestingly, many of the genes that were differentially expressed also tended to be negatively correlated with RFI fa t: GSTM1/2 (r = -0.43, P = 0.057), ATP50 (r = -0.42, P = 0.067), and IGFBP3 (r = -0.43, P = 0.061). Our results also re vealed a RFI fat × breed group interaction for HSPA5, where its mRNA abundance was significantly higher in low compared with highRFI fat HEAN, whereas no differences were observed in CHAR (Fig. 3) .
Finally, correlation analysis revealed trends for negative correlation of DMI with SLC2A1 (r = -0.41, P = 0.071) and HSPD1 (r = -0.40, P = 0.078) mRNA abundance. Inversely, we also found significant posi tive correlation of DMI with MT1E (r = 0.49, P = 0.028) and PCDH19 (r = 0.45, P = 0.047) mRNA abundance. Also, ADG tended to be negatively correlated with IGF2 mRNA abundance (r = -0.41, P = 0.072).
DISCUSSION
Evidence suggests that feed efficiency in beef cat tle has remained largely unchanged for the last 100 yr (Archer et al., 1999; Johnson et al., 2003; Crews, 2005) . On the other hand, the demand on food pro duction systems is increasing as the world popula tion is projected to surpass 9 billion people by 2050 (Goldstone, 2010) . Without substantial changes in land availability, increasing production efficiency (i.e., increasing output while maintaining or reducing the input) is perceived as a viable option to meet this ever increasing demand for food (Rauw, 2012) .
Selection for RFI to improve efficiencies of pro duction is gaining popularity in the beef industry, yet our understanding of the molecular mechanisms un derlying differences in feed efficiency remains limit ed. In that regard, many research groups have focused their attention on genomewide association studies in an attempt to identify SNP associated with feed ef ficiency (reviewed in Moore et al., 2009 ). It has be come evident that genetic variation in RFI exists. However, estimated heritability for this trait in grow ing cattle is low to moderate ranging from 0.07 to 0.33 (Berry and Crowley, 2013) . In addition, repeatability of RFI also varies from moderate to high in animals of different maturity or fed different diets (Berry and Crowley, 2013) , indicating that the environment also has an important influence on feed efficiency in beef cattle. Therefore, strategies such as whole transcrip tome analysis to identify causative genes involved in metabolic feed efficiency could contribute to the de velopment of early detection methods to identify feed efficient replacement breeding stock, which would be of considerable practical significance to producers.
Using a global transcriptome analysis, we identi fied 7 genes that were differentially expressed in the liver of high and lowRFI fat heifers. To our knowl edge, this is the first published study investigating he patic gene expression in the liver of heifers divergent for RFI fat using RNA sequencing technology. In com parison, Chen et al. (2011) used a microarraybased approach to study the liver transcriptome of Angus bull calves divergent for RFI and identified 181 dif ferentially expressed genes. Although they identified a larger subset of differentially expressed genes, dif ferences in gender and definition of RFI (corrected for fat or not) as well as the different techniques used to study the liver transcriptome makes any direct com parison between the 2 studies more difficult. In addi tion, the lack of clear separation or clustering between the low and highRFI fat heifers on the MDS plot sug gests a certain degree of similarity between the tran scriptomes of animals and is consistent with the low number of differentially expressed genes identified.
Interestingly, 5 of the 7 genes identified, including hemoglobin β (HBB), myxovirus resistance 1 interferon-inducible protein p78 (MX1), ISG15 ubiquitin-like modifier (ISG15), hect domain and RLD 6 (HERC6), and interferon-induced protein 44 (IFI44), are direct ly or indirectly modulated by interferon signaling and involved with innate immunity. Previous studies have shown that interferon β upregulates the expression of MX1, IFI44, and ISG15 in peripheral blood mono nuclear cells of multiple sclerosis patients (Serrano Fernandez et al., 2010) . In addition, IFI44, ISG15, and HERC6 were shown to be upregulated in pregnant vs. nonpregnant cow endometrium (Forde et al., 2011 (Forde et al., , 2012 . Using uterine infusion techniques, these authors further showed that IFI44 and HERC6 are upregulated in response to interferon tau. Although HBB expres sion is not directly modulated by interferons, ISG15 has been shown to be important for the development of ery throid lineage and ISG15 knockout mice show reduced accumulation of hemoglobin (Maragno et al., 2011) . Although our results are the opposite, where lower ex pression of ISG15 is associated with higher expression of HBB, they still provide a link between ISG15 and HBB that is worth future investigation.
The liver cell population is composed of approxi mately 60 to 80% hepatocytes whereas the nonparen chymal cells including Kupffer cells (hepatic resident macrophages), lymphocytes, liver sinusoid endotheli al cells, dendritic cells, hepatic stellate cells, and bili ary cells account for the remaining portion (Nakamoto and Kanai, 2014) . The liver is constantly exposed to gutderived bacterial products and endotoxins through its main blood supply, the portal vein (Nakamoto and Kanai, 2014) . As part of the innate immune system, these endotoxins are recognized by cells express ing the pattern recognition receptor toll-like receptor (TLR) 4, which is expressed by all hepatic nonparen chynmal cells and hepatocytes (Mani et al., 2012; Nakamoto and Kanai, 2014) . Signaling through TLR4 leads to production of interferon α and β, which have been shown to stimulate the expression of interferon stimulated genes as previously described (Nakamoto and Kanai, 2014) . These findings are extremely rel evant to feed efficiency because once in circulation, endotoxins are detoxified or deactivated by immune cells such as Kupffer cells in the liver. Failure to do so results in an increased concentration of circulating en dotoxins leading to local and systemic inflammation, which has been shown to antagonize growth and per formance of livestock because nutrients are redirected toward immunity rather than anabolic processes such a muscle accretion (Johnson, 1997; Spurlock, 1997) .
In our study, MX1, IFI44, HERC6, and ISG15 mRNA abundance were found to be higher in low RFI fat animals, suggesting that more efficient heifers are subjected to increased interferon stimulation or are more responsive to it. Based on these results, one can hypoth esize that those heifers have a stronger or healthier he patic innate immunity, leading to better detoxification of endotoxin and other bacterial products and, therefore, spending less energy to combat systemic inflammation, leaving more energy for growth and muscle deposition. Correlation analysis between RFI fat values from each animal and gene expression also show a strong to mod erate relationship between feed efficiency and HERC6, IFI44, ISG15, and MX1 mRNA abundance, further sup porting this hypothesis. Our results are also consistent with that of Mani et al. (2013) , who showed that low RFI pigs have decreased circulating concentration of endotoxin and increased hepatic and ileal alkaline phos phatase activity, which is important to reduce bacterial lipopolysaccharide toxicity (Poelstra et al., 1997; Bates et al., 2007) . These results suggest differences in the detoxification process between pigs divergent for feed efficiency. Our hypothesis is also consistent with the anti-inflammatory-related growth promoting activity of antibiotics in livestock species (Buret, 2010; Allen and Stanton, 2014) . Alternatively, it could also be suggested that increased gut permeability in lowRFI fat heifers may trigger this increase in interferon stimulation; however, pigs divergent for RFI showed no difference in intestinal permeability and integrity (Mani et al., 2013) . Whether the lowRFI heifers have a larger or different population of hepatic resident immune cells or their immune cells are more immunoreactive remains to be seen, and fur ther investigation will be required. However, altogether these results strongly suggest a link between innate im munity and feed efficiency in beef heifers.
We have also found an increased mRNA abundance for INHBA in highRFI fat heifers, and this is in contrast to the results from Chen et al. (2011) , who showed up regulation of INHBA in lowRFI bull calves. However, this may be due to the difference in animal gender (heif ers vs. bull calves) used in the 2 studies. The INHBA subunit is essential for the production of activin A, ac tivin AB, and inhibin A, which are dimeric proteins be longing to the transforming growth factor beta super family (Phillips, 2005) . Consistent with our hypothesis, activin A has been shown to be involved in systemic inflammation and in the regulation of immune function (Jones et al., 2004) . Interestingly, activin A has been shown to upregulate hemoglobin production, likely as a result of increased mRNA expression of α, β, and γ globin (Shao et al., 1992) , which would explain the in creased HBB expression observed in the highRFI fat heifers. Activin A signaling has also been shown to be involved in mitochondrial energy metabolism (Li et al., 2009) and mitochondrial function has also been linked to feed efficiency (Lancaster et al., 2014) .
In addition, using RNA sequencing and realtime PCR analysis, we showed that metallothionein 1E (MT1E) mRNA abundance was higher in high RFI fat heifers. The bovine genome is composed of 2 MT1E paralogs, and due to high sequence homol ogy, we could only efficiently amplify one of them (MT1E; ENSBTAG00000001595). MT1E is a metal ion binding protein that participates in the response to oxydative stress (Andrews, 2000) . Through candidate gene selection, we have also shown that glutathione s-transferase mu-1 (GSTM1) mRNA abundance was higher in lowRFI fat heifers, which contrasts with the results for MT1E. This gene is part of a family of enzymes involved in cellular detoxification of xeno biotics, toxic metabolites, and free radicals (Hayes et al., 2005) . Again, due to high sequence homology between GSTM1 and GSTM2, the primers used in this study cannot differentiate between the 2 genes. Interestingly, both MT1E and GSTM1 are regulated by the Cap'n'Collar family of transcription factors (NRF1 and/or NRF2; Ohtsuji et al., 2008; Wu et al., 2012) through an antioxidant response element located in their promoters (Dalton et al., 1996; Andrews 2000; Hayes et al., 2005) . Because the mRNA abundance for MT1E and GSTM1 was opposite in high and low RFI fat heifers, it suggests that these animals deal dif ferently with oxidative stress and detoxification, which could contribute to differences in feed efficiency.
We have also investigated various other functional candidate genes from the growth hormone, insulin, and insulin-like growth factor families to determine if their expression could be involved in differences in feed ef ficiency. Interestingly, IGFBP3 was the only gene found to be differentially expressed and its mRNA abundance was higher in lowRFI fat heifers. Our results are in agreement with those of Chen et al. (2011) , who found IGFBP3 to be upregulated in lowRFI bull calves us ing a microarray approach. IGFBP3 is the predominant IGF binding protein in circulation and is well known for its role in modulating IGF bioavailability and halflife (Clemmons, 1998; Yamada and Lee, 2009; Kuemmerle, 2012) . Because IGF1 is an important regulator of muscle growth and energy metabolism (Oksbjerg et al., 2004; Kuemmerle, 2012) , any changes in bioavailability or rate of turnover could have important repercussions for heifer feed efficiency. Interestingly, IGF1 has been pro posed as a predictor of feed efficiency, further support ing this theory Johnston et al., 2002) . IGFBP3 had also been found to exhibit IGFindependent actions such as inhibiting insulinstimulated glucose up take in adipocytes, which may alter energy partitioning in low and highRFI fat heifers (Yamada and Lee, 2009) .
Finally, we also found a RFI fat × breed group in teraction for heat shock 70 kDa protein 5 (HSPA5) and showed increased mRNA abundance in lowRFI fat HEAN compared with highRFI fat HEAN. However, no differences were observed in Charolais heifers. Using a feed restriction followed by realimentation model that led to increased feed efficiency during re alimentation, Connor et al. (2010) showed that feed restricted Angus steers have increased expression of HSPA5, which could be involved in the increased feed utilization in those animals.
In conclusion, the findings of the present study clearly demonstrate differences in basal molecular mechanisms in liver of high and lowRFI fat heif ers. The genes identified in this study provide a set of molecular markers that could prove useful to identify and select efficient breeding stock in the beef cattle industry. However, it will be important to test if these markers can also be used to accurately predict feed efficiency in larger commercial cattle populations, in cattle with different genetic pedigrees, and in other breeds. It will also be worth investigating if the ex pression of those genes is affected by environmental factors such as stress, nutrition, and disease. Finally, given the multifactorial nature of RFI, we anticipate that the RNA sequencing approach described in this study will allow the identification of markers of feed efficiency in other tissues and organs including gut, adipose tissue, and skeletal muscle. 
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